Prostate cancer (CaP) metastasises to the bone marrow stroma (BMS) of the axial skeleton, causing major morbidity and mortality ([@bib21]). To spread to BMS, CaP cells must first escape the primary tumour, enter the peripheral blood and bind to endothelial surfaces in small vessels within the bone marrow. Migrating cells then invade through the endothelium into the BMS and coalesce/multiply to form a metastasis. This multistep metastatic process can be modelled *in vitro* using human primary BMS ([@bib18]; [@bib31]; [@bib12]).

A gathering body of evidence has shown the importance of the omega-6 polyunsaturated fatty acid (PUFA) arachidonic acid (AA) in CaP; this is contained in bone marrow adipocytes (BM-Ad). It is strongly chemotactic for CaP cells ([@bib6]) and its direct uptake from BM-Ad induces an aggressive, migratory phenotype ([@bib6], [@bib5]; [@bib10]). Clinically, AA intake has been associated with poorer CaP prognosis ([@bib38]) and an augmented risk of high-grade CaP ([@bib7]; [@bib32]). Intraprostatic AA levels are decreased within cancer tissue compared with adjacent normal tissue, suggesting that AA is being metabolised preferentially by CaP cells into pro-tumoral eicosanoids ([@bib30]). We recently showed that this AA-induced behaviour was regulated by the ligand-independent activity of Ephrin receptor A2 (EphA2) ([@bib33]).

Further lipid-based studies have linked lipid metabolism and its regulation by statins with altered aggressiveness in CaP. Epidemiological studies have reported lower rates of CaP progression in patients taking statins ([@bib26]; [@bib25]; [@bib3]; [@bib23]) and these patients had less aggressive histological features ([@bib11]; [@bib22]). The basis for these observations is poorly understood but the effects probably relate to the pleiotropic actions of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) inhibitors on cellular behaviour, cell--cell interaction and cellular motility in relation to lipid metabolism ([@bib27]). We observed that lipophilic statins reduce the migration and colony formation of CaP in BMS co-culture, an effect mediated through the inhibition of GGPP production, which is required for the post-translational modification of proteins such as GTPases ([@bib4]).

The phenomenon of epithelial--mesenchymal transition (EMT) ([@bib16]) has been studied intensively in relation to metastasis. There are two phenotypes associated with EMT and invasion: amoeboid and mesenchymal. While EMT is structured, following extensive alterations in gene transcription, transition between the mesenchymal and amoeboid phenotype occurs rapidly, involving morphological transition, with concomitant changes in migratory behaviour arising in response to micro-environmental changes. Amoeboid invasion is promoted by the Rho/Rho-associated protein kinase (ROCK) signalling pathway ([@bib24]), which enhances the contractility of cells, enabling them to squeeze through gaps in the ECM, adapting their shape to the pre-existing spaces, or exerting forces that deform the surrounding extracellular matrix ([@bib24]). The intracellular tension maintained by cortical actin-myosin during this process results in membrane blebbing, contributing to cellular motility ([@bib24]).

Rho family GTPases affect cell motility and polarity ([@bib13]; [@bib2]) and are implicated in cancer progression and metastasis ([@bib28]). The Rho subfamily includes the isoforms RhoA and RhoC, which are 84% identical in sequence; most differences are concentrated near the C terminus ([@bib36]). Both RhoA and RhoC can induce stress fibres ([@bib1]) but several lines of evidence indicate that the isoforms have different functions. RhoC is selectively upregulated during EMT ([@bib8]), which occurs in some cancers ([@bib34]). Multiple targets have been identified for Rho proteins ([@bib13]) but it is not clear whether the isoforms act selectively through different or common downstream targets to mediate specific responses. Where tested, the isoforms generally bind to the same targets *in vitro*; for example, both RhoA and RhoC bind to the Rho-associated kinases ROCK1 and ROCK2 ([@bib20]). However, RhoC but not RhoA has been suggested to bind specifically to the formin FMNL2 ([@bib15]).

Herein, we studied Rho function during transendothelial migration (TEM) and its regulation by putative modulators of CaP aggression.

Materials and methods
=====================

Materials
---------

All tissue culture, inhibitors and general reagents were purchased from Sigma-Aldrich (Poole, UK), except AA (MP Biomedicals, London, UK), which was emulsified at 10 mg ml^−1^ in methyl-*β*-cyclodextrin. Hygromycin B and foetal calf serum (FCS) were from PAA Laboratories (Yeovil, UK). Matrigel and 8 *μ*m FluoroBlok cell-culture inserts were from BD Biosciences (Oxford, UK).

Antibodies were from Cell Signalling Technology (New England BioLabs (UK) Ltd, Hitchin, UK) except GAPDH, which was from Abcam (Cambridge, UK). Y-27632, Rac-1 inhibitor, GM6001, H1152 and blebbistatin were from Merck Biosciences (Nottingham, UK). All On-Target Plus Smartpool siRNAs were from Dharmacon, Thermo Fisher Scientific (Fermentas GmbH, St Leon, Germany). Protease and phosphatase inhibitor cocktail were purchased from Roche (Sussex, UK).

Cell culture
------------

All cell lines were verified by the Paterson Institute for Cancer Research tissue typing service by genotyping and cultured as described previously ([@bib12]; [@bib33]). VCaP and DU-145 were grown in RPMI-1640 with 10% FCS, 2 m[M L]{.smallcaps}-Glutamine, with the addition of 10 m[M]{.smallcaps} sodium pyruvate and 100 m[M]{.smallcaps} HEPES for VCaP.

Transfection
------------

PC3-GFP and DU-145 cells were transfected with 600 ng of siRNA using Dharmafect 2 (Thermo Fisher Scientific) in antibiotic-free media according to the manufacturers\' instructions. siRNA knock-down of target protein was confirmed by western blotting.

Western blotting
----------------

Cell lysates, total protein content and western blot procedures were performed as previously described ([@bib33]).

Rho assay
---------

Briefly, 8 × 10^5^ PC3-GFP cells were rinsed in ice-cold PBS and lysed in 900 *μ*l MLB buffer with protease inhibitor (25 m[M]{.smallcaps} HEPES, pH 7.5, 150 m[M]{.smallcaps} NaCl, 1% Igepal CA-630, 10 m[M]{.smallcaps} MgCl~2~, 1 m[M]{.smallcaps} EDTA, 10% glycerol). Lysates were cleared of insoluble cell debris by centrifugation (5 min, 14 000 **g**, 4 °C) and incubated (45 min at 4 °C), with 20 *μ*g of a Rhotekin Rho Binding Domain-GST tagged fusion protein bound to glutathione-agarose (Millipore UK Ltd, Watford, UK). After three washes in MLB, agarose beads were resuspended in western blot loading buffer.

Invasion assay
--------------

Invasion assays with PC-3, PC3-GFP, DU-145, VCaP, LNCaP and PNT2-C2 cells were performed according to [@bib6] and [@bib12], respectively.

Adhesion assay
--------------

Adhesion assays with PC3-GFP were performed as described ([@bib33]). Adhesion assays with DU-145 were performed using a variation of [@bib31]: 4 × 10^4^ serum-starved (20 h) DU-145 cells were added to a confluent bone marrow endothelial cell (BMEC) layer with or without AA (10 *μ*[M]{.smallcaps}). After incubation at 37 °C for 15 min, non-adherent cells were removed by 2 × 200 *μ*l PBS washes and fixed in methanol-acetone. Cytokeratin staining was performed as previously described ([@bib31]).

Migration assay
---------------

Cells were cultured in 6-well plates until 90% confluence before serum starvation in RPMI media for 16 h. Photographs were taken just after wells were scratched using a thin sterile pipette tip and 24 h later, after the addition of medium without serum, with AA or simvastatin (SIM). PC3-GFP was also transfected 48 h before with siNT, siRhoA, siRhoC, siROCK1 and siROCK2, respectively, and DU-145 with siNT, siRhoA, and siRhoC, respectively.

Time lapse video microscopy invasion studies
--------------------------------------------

Confluent BMEC layers in BMS conditioned media (BMSCM), gassed with 5% CO~2~ in air, in 12.5 cm^2^ tissue culture flask were imaged at two frames every 20 s for 3 h (total magnification × 100) before the addition of 6.25 × 10^5^ PC-3, PC-3-GFP or PNT2-C2 cells. The co-culture was imaged at two frames every 20 s for 24 h at 37 °C, 5% CO~2~ in air. Images were edited using Pinnacle Studio 9 (Corel Corporation, Ottawa, ON, Canada). Inhibitors were added to the prostate cell suspension before addition to the BMEC monolayer.

Electron microscopy
-------------------

PC-3 cells were added to confluent BMEC cultured on fibronectin-coated 5 × 5 mm Thermanox plastic coverslips for 5 h before washing 2 × in Sorenson\'s Buffer and overnight fixation in 3% glutaraldehyde in Sorenson\'s buffer at 4 °C. Coverslips were washed in Sorenson\'s buffer, post-fixed with 1% osmium tetroxide (Agar Scientific, Stansted, UK) in Sorensen\'s buffer before washing in double distilled water and dehydrating through sequential solutions of ethanol (30%, 50%, 70%, 95%, 95%, 100%, and 100%). Ethanol was exchanged for Arklone (Taab Laboratory Supplies, Reading, UK) before critical point drying. Coverslips were sputter coated with 4 nm chromium before mounting onto aluminium stubs (Agar Scientific) using Acheson ElectroDAG 1415M conducting adhesive (Agar Scientific) and sputter coating with 8 nm platinum-palladium 80/20. Coverslips were imaged using an ABT DS130-F dual stage field emission scanning electron microscope (International Scientific Instruments, Milpitas, CA, USA) at an accelerating voltage of 20--30 kV.

Statistics
----------

All values are presented as mean±s.e.m. All assays were compared using Student\'s two-tailed *t*-test with significance set at *P*\<0.05.

Results
=======

AA induces an amoeboid phenotype
--------------------------------

Invasion assays towards human primary BMS, AA and tissue culture plastic (TCP) were used to evaluate TEM abilities of different CaP cell lines. Only PC-3, the sub-clone PC3-GFP and to a lesser extent DU-145 cells exhibited the ability to migrate across a confluent human BMEC monolayer and synthetic basement membrane (Matrigel) ([Figure 1A](#fig1){ref-type="fig"}). VCaP, LNCaP and PNT2-C2 were unable to migrate across an endothelial layer ([Figure 1A](#fig1){ref-type="fig"}). Time-lapse microscopy of PC-3 and PC3-GFP transmigration across a BMEC layer in presence of BMEC conditioned media showed that cells migrated rapidly across the endothelial barrier ([Figure 1B](#fig1){ref-type="fig"}; [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}; [Supplementary Video 2A](#sup1){ref-type="supplementary-material"}).

Incubation of PC3-GFP cells with the omega-6 PUFA AA, a potent stimulator of CaP cell invasion, induced morphological changes associated with an amoeboid phenotype. The percentage of rounded PC3-GFP cells increased after 3 h AA incubation (*P*⩽0.01) ([Figure 2A](#fig2){ref-type="fig"}; [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}) and this was associated with increased RhoA and RhoC activity (2.2 and 2.3-fold, respectively; [Figure 2B](#fig2){ref-type="fig"}). The Rho signalling pathways induce stress fibres that are associated with increased levels of P-MLC2 (myosin II light chain) ([@bib17]). Western blot analysis of PC3-GFP cells incubated with AA (10 *μ*[M]{.smallcaps}) showed increased P-MLC2 levels after 60 min (*P*⩽0.01) ([Figure 2C](#fig2){ref-type="fig"}). AA was also shown to activate the same pathway and subsequent phosphorylation in the less invasive DU-145 cell line. We have previously reported that AA acts though the ligand-independent activation of Ephrin A2 *via* phosphorylation of Akt ([@bib33]). As with the PC-3 cell line, [Figure 2D](#fig2){ref-type="fig"} shows that AA induces the phosphorylation of both Akt and MLC2 in DU-145 cells. As a control, pre-incubation of PC3-GFP cells with the ROCK inhibitor Y27632 (40 *μ*[M]{.smallcaps}) decreased P-MLC2 levels at baseline and after AA stimulation ([Figure 3B](#fig3){ref-type="fig"}). Additionally, electron microscopy revealed that PC-3 cells bound to junctional areas of confluent BMEC layer in the presence of bone marrow conditioned media became morphologically round, with a blebbing form consistent with an amoeboid phenotype before TEM ([Figure 2E](#fig2){ref-type="fig"}; [Supplementary Figure 2B](#sup1){ref-type="supplementary-material"}). PC-3 pre-incubation with 40 *μ*[M]{.smallcaps} Y27632 (ROCK inhibitor), or 75 *μ*[M]{.smallcaps} blebbistatin (non-muscle myosin II inhibitor), demonstrated that Rho/ROCK activity and actin-myosin contractility are involved in the transmigration process ([Figure 2F](#fig2){ref-type="fig"}), by comparison with Rac signalling (75 *μ*[M]{.smallcaps} Rac-1 inhibitor) or metalloproteinase inhibition (20 *μ*[M]{.smallcaps} GM6001) ([Figure 2F](#fig2){ref-type="fig"}). Y27632 and blebbistatin had no effects on the dextran permeability of the BMEC monolayer ([Supplementary Figure 2C](#sup1){ref-type="supplementary-material"}).

TEM towards AA is mediated by the Rho signalling pathway
--------------------------------------------------------

The selective effect of the Rho/ROCK signalling pathway during TEM was determined by comparing invasion through a Matrigel synthetic basement membrane with invasion towards AA through a confluent BMEC monolayer on Matrigel. Pre-incubation of PC3-GFP cells with the ROCK inhibitor Y27632 (40 *μ*[M]{.smallcaps}) or H1152 (5 *μ*[M]{.smallcaps}) ([Supplementary Figure 3D](#sup1){ref-type="supplementary-material"}) did not affect invasion through Matrigel ([Figure 3A](#fig3){ref-type="fig"}, left panel). By contrast, ROCK inhibition significantly decreased TEM ([Figure 3A](#fig3){ref-type="fig"}, right panel) towards AA through a BMEC layer. Y27632 did not affect viability ([Supplementary Figure 3A](#sup1){ref-type="supplementary-material"}) but it induced an amoeboid to mesenchymal phenotypic change ([Supplementary Figure 3B](#sup1){ref-type="supplementary-material"}). To further characterise the Rho signalling pathway, selective siRNA knock-down of RhoA, RhoC, ROCK1 and ROCK2 was performed. Knock-down of RhoA, RhoC, ROCK1 and ROCK2 in PC3-GFP cells did not modulate AA-induced invasion through Matrigel ([Figure 3C](#fig3){ref-type="fig"}, left panel) but knock-down of all four induced a significant reduction in AA-induced invasion across the BMEC layer (*P*⩽0.01) ([Figure 3C](#fig3){ref-type="fig"}, right panel). Moreover, combinations of RhoA/RhoC and ROCK1/ROCK2 knock-down showed no significant change in the inhibitory effect ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Selective knock-down in DU-145 ([Figure 3D](#fig3){ref-type="fig"}; [Supplementary Figure 6](#sup1){ref-type="supplementary-material"}) showed, as in PC3-GFP, that both RhoA and RhoC are involved in DU-145 TEM ([Figure 3D](#fig3){ref-type="fig"}, left and right panels).

TEM is associated with several steps starting with the adhesion of cells to the endothelium, migration to the intercellular junction between endothelial cells and finally endothelial cell retraction, facilitating transmigration of the cell body with detachment and retraction of the trailing edge ([@bib12]). Adhesion assays with PC3-GFP pre-incubated with 40 *μ*[M]{.smallcaps} Y27632 showed that adhesion induced by AA is decreased by ROCK inhibition compared with PC3-GFP cells incubated with the vehicle only (*P*⩽0.01) ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Selective knock-down of RhoC and ROCK2 in PC3-GFP also decreased adhesion to BMEC induced by AA compared with control (*P*⩽0.01) ([Figure 4A](#fig4){ref-type="fig"}). Conversely, knock-down of RhoA and ROCK1 had no significant effect on AA-induced binding of PC3-GFP cells to the BMEC cells ([Figure 4A](#fig4){ref-type="fig"}).

Migration in 2D, evaluated by scratch assay, showed that migration of PC3-GFP cells incubated with AA (10 *μ*[M]{.smallcaps}) increased by 50% (*P*\<0.01). Furthermore, siRNA knock-down of RhoA, ROCK1 and ROCK2 in PC3-GFP decreased AA-induced migration ([Figure 4B](#fig4){ref-type="fig"}). The involvement of both RhoC in AA-induced BMEC adhesion and RhoA in AA-induced migration was also demonstrated in the DU-145 cell line ([Figure 4E and F](#fig4){ref-type="fig"}).

Stress fibre formation, associated with the amoeboid phenotype, was measured by determining P-MLC2 levels. In PC3-GFP samples, selective knock-down of RhoA and ROCK1 decreased P-MLC2 levels at basal state compared with control PC3-GFP cells transfected with the control siRNA ([Figure 4C and D](#fig4){ref-type="fig"}). By contrast, lysates of PC3-GFP incubated with AA (10 *μ*[M]{.smallcaps}) revealed that RhoA, RhoC, ROCK1 and ROCK2 are required for the phosphorylation of MLC2 following AA induction ([Figure 4E and F](#fig4){ref-type="fig"}). P-MLC2 levels regulated by the different Rho signalling isoforms correlated with PC3-GFP phenotype ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}).

Effect of SIM on migrational behaviour and Akt/Rho signalling
-------------------------------------------------------------

We recently showed that statins inhibit invasion of PC-3 cells through a BMEC layer towards human primary BMS by blocking geranylgeranyl pyrophosphate (GGPP) production, which is required for the post-translational modification of proteins such as the Rho family of GTPases ([@bib4]). Statins should, theoretically, prevent AA-induced mesenchymal to amoeboid switching by inhibiting the post-translational modification of the Rho GTPases by GGPP, thereby preventing Rho being targeted to the membrane to induce its signalling cascade. We assessed the effect of the statin SIM on the ability of AA to induce PC3-GFP invasion, TEM, adhesion and migration.

Invasion assays with PC3-GFP showed that 24 h pre-incubation with 1 *μ*[M]{.smallcaps} SIM did not affect invasion of PC3-GFP through Matrigel towards AA compared with control ([Figure 5A](#fig5){ref-type="fig"}, left panel). By contrast, invasion assays conducted with a confluent BMEC layer on Matrigel revealed that 24 h pre-incubation of PC3-GFP with 1 *μ*[M]{.smallcaps} SIM decreased PC3-GFP TEM towards AA ([Figure 5A](#fig5){ref-type="fig"}, right panel). Incubation with 1 *μ*[M]{.smallcaps} SIM decreased both BMEC adhesion ([Figure 5B](#fig5){ref-type="fig"}) and AA-induced PC3-GFP 2D migration ([Figure 5C](#fig5){ref-type="fig"}) compared with the SIM-free controls.

Lovastatin has been shown to downregulate RhoA activity in squamous cell carcinoma ([@bib39]). Therefore, we tested the hypothesis that SIM might regulate this pathway in PC3-GFP cells. Rho assays showed that 1 *μ*[M]{.smallcaps} SIM reduced both PC3-GFP RhoA and RhoC activity over a 24-h period ([Figure 5D](#fig5){ref-type="fig"}) and prevented the activation of both RhoA and RhoC by AA ([Figure 5E](#fig5){ref-type="fig"}). At the same time, the addition of 1 *μ*[M]{.smallcaps} SIM reduced the levels of Akt and MLC2 phosphorylation induced by 10 *μ*[M]{.smallcaps} AA in both PC3-GFP and DU-145 cells ([Figure 5F--H](#fig5){ref-type="fig"}). As observed in the PC-3 cell lines, 1 *μ*[M]{.smallcaps} SIM did not affect the ability of DU-145 to invade towards AA through a Matrigel barrier but it significantly reduced TEM across a BMEC layer ([Figure 5I](#fig5){ref-type="fig"}). The presence of SIM also reduced AA-induced DU-145 adhesion to BMECs and 2D migration assays ([Figure 5J and K](#fig5){ref-type="fig"}).

Discussion
==========

Motility and TEM abilities are a pre-requisite for metastatic spread of tumour cells. For this, cancer cells must possess the ability to reorganise their cytoskeleton. Cell migration has been classified according to morphological observation, which has since been associated with molecular analysis of cytoskeletal organisation and cellular interaction with the microenvironment ([@bib9]; [@bib17]; [@bib29]). In this study, we first analysed the invasive ability of different prostatic cell lines using TEM assays. We observed that only PC-3 cells and the sub-clone PC3-GFP were highly invasive, with DU-145 also being invasive but at a lower level than the previous two. Other cell lines used commonly in CaP experiments such as VCaP and LNCaP were unable to cross a confluent endothelium, confirming previous studies showing the differential invasive capacity of prostatic epithelial cells ([@bib12]).

Initial observational studies demonstrated that an amoeboid phenotype was required by PC-3 cells for TEM across BMEC monolayers. In the presence of bone marrow conditioned media (Long Term Bone Marrow Media conditioned through 7 day contact with haematopoietically active, adipocyte-rich BMS) PC-3/PC3-GFP cells adopted an amoeboid phenotype ([Figure 2D](#fig2){ref-type="fig"}; [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}; [@bib12]). The importance of this switch was confirmed by the inhibition of ROCK or by blebbistatin treatment, which decreased TEM. However inhibition of mesenchymal motility, mostly regulated by Rac signalling and the production of MMPs, did not change 3D migration across the bone marrow endothelium.

The amoeboid phenotype, facilitated by the Rho/ROCK signalling pathway, enables morphological changes which in turn enable epithelial cells to move through gaps in the ECM fibres or endothelium by adapting their morphology to pre-existing spaces ([@bib28]). Rho in GTP-bound form activates its effector, Rho-associated serine--threonine protein kinase (ROCK), which then induces MLC2 phosphorylation ([@bib14]; [@bib37]). Once the MLC2 is phosphorylated (P-MLC2), the activity of myosin II ATPase is enhanced and myosin II becomes engaged in more efficient interactions with actin filaments, thus increasing cell contractility ([@bib37]).

To characterise the signalling mechanism behind BMS-induced TEM, it is necessary to break down the complex BMS environment and examine the role of individual components in TEM. In this study, we replaced human BMS with AA, a PUFA found in BM-ad; this is a powerful attractant for CaP cells and has been shown to have an important role in the metastasis-like behaviour in CaP *in vitro* ([@bib6], [@bib5]; [@bib10]; [@bib33]). AA induced rounding of the PC3-GFP cell morphology accompanied by an activation of the Rho/ROCK pathway. ROCK inhibition or specific silencing of RhoA, RhoC, ROCK1 and ROCK2 decreased TEM associated with AA without modulating invasion through a synthetic basement membrane.

We have shown previously that CaP cells bind to junctional areas of the BM endothelium ([@bib12]) and we have consolidated these studies, conducting static adhesion experiments and performing assays within short time scales to mirror the rapidity of the process *in vivo*. In these we observed specific function of RhoA and ROCK2 but not RhoC and ROCK1 in AA-induced adhesion to BMEC ([Figure 4A](#fig4){ref-type="fig"}). Further studies are required to understand how that adhesion process is regulated by RhoA and ROCK2 with specific regard to integrins, in particular the *β*1 integrin component: we have previously shown that this component is fundamental to the metastasis-like behaviour in CaP *in vitro* ([@bib19]; [@bib31]; [@bib12]). By contrast, migration in 2D, a putative crucial step during TEM, is dependent on RhoC, ROCK1 and ROCK2. Finally, the results show that TEM is inducible and is clearly activated following AA stimulation.

Our studies also demonstrate specific elements controlling the functional mechanics of TEM. It has been reported previously that RhoA and RhoC have different functions in cell migration and invasion ([@bib35]). This work showed that the amoeboid phenotype is dependent on RhoA, which increased invasion through Matrigel towards FCS. However, the pleiotropic effects of the chemotactic agent in FCS must be acknowledged. FCS is a mixture of cytokines, growth factor and lipids, all of which can stimulate various signalling pathways individually. In our study we focussed on a single chemotactic agent, enabling close observation of its individual effects, thereby facilitating specific analysis of the consequent downstream pathway activation. This has yielded new information but further work is required to find other factors influencing RhoA, RhoC, ROCK1 and ROCK2 activity in CaP to understand their individual role in early implantation of circulating tumour cells in BMS.

We have previously shown that the lipophilic statins are potent inhibitors of metastasis-like behaviour of malignant prostate epithelial cells, working by inhibition of protein geranylgeranylation ([@bib4]). Using SIM at concentrations validated in previous studies we confirmed that the statin acted on each individual step of the invasion pathway (adhesion, migration and TEM). Analysis of the regulating molecular pathways showed that Akt and Rho signalling in PC3-GFP and DU-145 cells, which are known to be regulated by statins ([@bib27]), was downregulated by SIM. Our previous work ([@bib33]) demonstrated that the AA/Akt interaction occurred in lipid rafts, where cholesterol is an essential component. Lipid rafts are cellular membrane micro-domains that regulate signalling cascades originating from membrane bound receptors such as tyrosine kinases. Treatment of CaP with SIM is known to induce a 70% reduction in lipid raft cholesterol ([@bib40]), and we have observed previously that Akt pathway activation by AA is dependent on lipid raft integrity ([@bib33]). Thus, it is possible that the critical actions not only of AA but also of statins occur within the lipid rafts and that modification of the lipid composition of these could be critical to the metastatic process in CaP. However, it is also important to recognise that cholesterol-independent pathways mediating statin action are described ([@bib27]) and these too may be influential.

The observed statin effect may be related, at least in part, to their effect on the G-proteins. Previously, we demonstrated that geranylgeranylation, but not farnesylation is a crucial element in lipophilic statin effect on the metastatic behaviour of CaP cells ([@bib4]). The Rho and Rac subfamilies of small GTPase are mostly geranylgeranylated ([@bib27]), which could explain the mechanism of amoeboid regulation by SIM seen in our study. It may also explain the effects of statins on prostate and other cancers in large population studies, where they are known to decrease CaP progression and mortality but not its incidence. Metastatic spread is the crucial process in cancer mortality and targeting cellular motility and endothelial transmigration mechanisms associated with TEM may have a significant therapeutic potential. Our observations show the importance of G-proteins in cancer cell migration/motility and endothelial trans-migration and provide further evidence that lipophilic statins may influence this process.

In conclusion, the data presented herein show that the Rho signalling is involved in TEM in prostatic cancer *in vitro*. AA and SIM, two putative modulators of CaP aggressiveness, are able to alter this process significantly. TEM is an important potential therapeutic target for limiting CaP progression and metastasis. New knowledge regarding the role of fatty acid metabolism may facilitate this development.
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![**Ability of PC-3 cells to invade a BMEC layer.** (**A**) Invasion assays were performed using cell-culture inserts (8 *μ*m pore size) with a barrier of a confluent layer of BMEC above a synthetic basement membrane (Matrigel). 1 × 10^5^ PC-3, PC3-GFP, DU-145, LNCaP, VCaP and PNT2-C2 cells were added to the top of the inserts and allowed to invade for 18 h towards tissue culture plastic (TCP), bone marrow stroma (BMS) or AA (10 *μ*[M]{.smallcaps}). Data are means±s.e.m. of triplicate samples from two independent experiments. (**B**) Live-cell invasion studies using time lapse video microscopy. BMEC monolayer before addition of PC-3 cells (left). BMEC monolayer with PC-3 cells present as rounded cells on top of BMEC 20 min after addition of PC-3 cells (right). Scale bar represents 100 *μ*m. PC-3 or PC3-GFP cells were seeded onto a confluent BMEC monolayer, in the presence of AA (10 *μ*[M]{.smallcaps}), and observed using time lapse video microscopy. The cumulative percentage of cells completing invasion plotted against time is shown. Diamond: PC-3 cells. Square: PC3-GFP cells.](bjc201499f1){#fig1}

![**Arachidonic acid induces RhoA and C activities in PC3-GFP.** (**A**) Microscopic analysis of PC3-GFP cells incubated with AA (10 *μ*[M]{.smallcaps}). Serum-starved PC3-GFP cells were incubated with AA (10 *μ*[M]{.smallcaps}) or the vehicle only during 3 h. Cells were then fixed, stained with crystal violet and photographed. Lower panel: 150 cells were counted per condition and the percentage of rounded cells counted. Data are means±s.e.m. of duplicate samples from two independent experiments. \*\**P*\<0.01 *vs* no AA. (**B**) Lysates of PC3-GFP cells incubated with AA (10 *μ*[M]{.smallcaps}) at different times were subjected to Rho assays. Levels of GTP-RhoA and GTP-RhoC were compared with total levels of RhoA and RhoC, respectively. Figure is representative of at least three individual experiments done in duplicate. Quantification of densitometric values of GTP-RhoA and GTP-RhoC in AA-stimulated PC3-GFP samples compared with total levels of RhoA and RhoC, respectively. \**P*\<0.05, \*\**P*\<0.01 *vs* no AA. Densitometric values of controls without incubation with AA were set at one. (**C**) Lysates of PC3-GFP cells incubated with AA (10 *μ*[M]{.smallcaps}) at different times were subjected to western blotting. Phosphorylation levels of Akt^s473^ and MLC^t18/s19^ were compared with total levels of Akt and MLC2, respectively. Figure is representative of three separate experiments done in duplicate. Quantification of densitometric values of phosphorylated Akt^s473^ and MLC^t18/s19^ in AA-stimulated PC3-GFP samples was compared with the total levels of Akt and MLC, respectively. \**P*\<0.05, \*\**P*\<0.01 *vs* no AA. Densitometric values of controls without incubation with AA were set at one. (**D**) P-MLC2^t18/s19^, MLC2, P-Akt and Akt content was analysed by western blotting in lysates of DU-145 cells incubated with AA at different times. Levels of P-Akt and P-MLC2 were compared with total levels of Akt and MLC2, respectively. Figure is representative of two separate experiments done in duplicate. \**P*⩽0.05 *vs* Ctrl (without AA). Densitometric values of controls were set at one. (**E**) SEM imaging of PC-3 transendothelial migration. SEM images of a BMEC monolayer 5 h after addition of PC-3 cells. A rounded and blebbing cell (long arrow), and part of a pseudopodium (short arrow) appears to be extending from underneath flattened BMEC in the area of a BMEC cell--cell junction (arrowheads). The edges of the under lapping cell can be seen as an area where BMEC appear to be lifted (white arrowheads). Magnification: × 1500. (**F**) Migration of PC3-GFP cells through a BMEC monolayer in the presence of motility inhibitors. PC3-GFP cells were seeded onto a confluent monolayer of BMEC and observed for 24 h in the time lapse video microscopy unit. In the control experiment, 25 cells were followed, 37 in the Y27632 experiment, 28 for blebbistatin, 29 for Rac1 inhibitor and 22 for GM6001.](bjc201499f2){#fig2}

![**Rho signalling controls transendothelial migration towards AA.** (**A**) Invasion assays with PC3-GFP cells were performed using cell-culture inserts (8 *μ*m pore size) coated by a synthetic basement membrane (Matrigel) (left panel) or culture inserts (8 *μ*m pores) coated by a layer of BMEC above a synthetic basement membrane (Matrigel) (right panel). 2 × 10^5^ PC3-GFP cells pre-incubated with Y27632 (40 *μ*[M]{.smallcaps}) or the vehicle (H~2~O) for 30 min were added to the top of the inserts and allowed to invade towards AA (10 *μ*[M]{.smallcaps}) for 18 h. Levels of invasion are proportional to fluorescence detected by a bottom reading BMG FLUOstar OPTIMA plate reader at 488/520 nm (excitation/emission filter). Data represent means±s.e.m. of three separate experiments (in triplicate). *\*P\<*0.05, *\*\*P*⩽0.01 *vs* no Y27632 towards TCP or AA, respectively. (**B**) P-MLC2 levels in PC3-GFP cells incubated with AA and/or the ROCK inhibitor Y27632. Lysates of serum-starved PC3-GFP cells incubated with AA (10 *μ*[M]{.smallcaps})±Y27632 (40 *μ*[M]{.smallcaps}, 1 h pre-incubation) at different times were subjected to western blotting. Phosphorylation levels of MLC^t18/s19^ were compared with GAPDH. Figure is representative of two separate experiments done in duplicate. (**C**) Invasion assays with PC3-GFP cells were performed using cell-culture inserts (8 *μ*m pore size) coated by a synthetic basement membrane (Matrigel) (left panel) or culture inserts (8 *μ*m pores) coated by a layer of BMEC above a synthetic basement membrane (Matrigel) (right panel). 2 × 10^5^ PC3-GFP cells were added to the top of the inserts and allowed to invade towards AA (10 *μ*[M]{.smallcaps}) for 18 h. PC3-GFP cells were transfected with specific RhoA (siRhoA), RhoC (siRhoC), ROCK1 (siROCK1), ROCK2 (siROCK2) siRNA pools, respectively, or with non-targeted siRNA (siNT) 2 days before the invasion assays. Data represent means±s.e.m. of three separate experiments (in triplicate). *\*\*P*⩽0.01 *vs* siNT towards AA. (**D**) Invasion assays with DU-145 cells were performed using cell-culture inserts (8 *μ*m pore size) coated by a synthetic basement membrane (Matrigel) (left panel) or culture inserts (8 *μ*m pores) coated by a layer of BMEC above a synthetic basement membrane (Matrigel) (right panel). 2 × 10^5^ DU-145 cells were added to the top of the inserts and allowed to invade towards AA (10 *μ*[M]{.smallcaps}) for 18 h. DU-145 cells were transfected with specific RhoA (siRhoA) and RhoC (siRhoC) siRNA pools, respectively, or with non-targeted siRNA (siNT) 2 days before the invasion assays. Data represent means±s.e.m. of three separate experiments (in triplicate). \**P*\<0.05, *\*\* P*⩽*0.01 vs* siNT towards AA. Cells were counted after staining with either crystal violet or CK immunostaining.](bjc201499f3){#fig3}

![**AA-stimulated transendothelial migration is mediated by specific Rho GTPase signalling.** (**A**) Adhesion assays were performed using PC3-GFP with or without AA (10 *μ*[M]{.smallcaps}) added at the beginning of the assay. 4 × 10^4^ PC3-GFP cells were then incubated for 8 min with a confluent layer of BMEC plated in 96 wells. Wells were washed twice in PBS. Levels of adhesion are proportional to fluorescence detected by a bottom reading BMG FLUOstar OPTIMA plate reader at 488/520 nm (excitation/emission filter). PC3-GFP cells were transfected with specific RhoA (siRhoA), RhoC (siRhoC), ROCK1 (siROCK1), ROCK2 (siROCK2) siRNA pools, respectively, or with non-targeted siRNA (siNT) 2 days before the adhesion assays. Data represent means±s.e.m. of three separate experiments. *\*\*P*⩽0.01 *vs* siNT with AA. (**B**) Migration assays were performed using PC3-GFP with or without AA (10 *μ*[M]{.smallcaps}). PC3-GFP cells were transfected for 48 h with specific RhoA (siRhoA), RhoC (siRhoC), ROCK1 (siROCK1), ROCK2 (siROCK2) siRNA pools, respectively, or transfected with non-targeted siRNA (siNT) 48 h before the assay. Data represent means±s.e.m. of three separate experiments. \**P*⩽0.05, \*\**P*⩽0.01 *vs* siNT with AA. (**C**) Adhesion assays to BMEC over 15 min±AA (10 *μ*[M]{.smallcaps}) were undertaken using DU-145 cells. These were transfected with specific RhoA (siRhoA) and RhoC (siRhoC) siRNA pools, respectively, or with non-targeted siRNA (siNT) 2 days before the adhesion assays. Data represent means±s.e.m. of three separate experiments. *\*P*⩽0.05 *vs* no SIM with AA. (**D**) Migration assays were performed using DU-145±AA (10 *μ*[M]{.smallcaps}). DU-145 cells were transfected with specific RhoA (siRhoA) and RhoC (siRhoC) siRNA pools, respectively, or with non-targeted siRNA (siNT) 2 days before the migration assays. Data represent means±s.e.m. of two separate experiments. *\*P*⩽0.05 *vs* no SIM with AA. (**E**) P-MLC2^t18/s19^, MLC2, RhoA and RhoC content was analysed by western blotting in lysates of PC3-GFP cells transfected for 48 h with specific RhoA (siRhoA) and RhoC (siRhoC) siRNA pools, respectively, or transfected with non-targeted siRNA (siNT) and incubated with or without AA (10 *μ*[M]{.smallcaps}) for 75 min. Figure is representative of three separate experiments. \**P*⩽0.05 *vs* siNT±incubation with AA. Densitometric values of siNT±incubation with AA were set at one. (**F**) P-MLC2^t18/s19^, MLC2, ROCK1 and ROCK2 content was analysed by western blotting in lysates of PC3-GFP cells transfected for 48 h with specific ROCK1 (siROCK1) and ROCK2 (siROCK2) siRNA pools, respectively, or transfected with non-targeted siRNA (siNT) and incubated±AA (10 *μ*[M]{.smallcaps}) for 75 min. Figure is representative of three separate experiments. \**P*⩽0.05 *vs* siNT without or with incubation with AA. Densitometric values of siNT with or without incubation with AA were set at one.](bjc201499f4){#fig4}

![**Statins decrease transendothelial migration through the Rho GTPase signalling pathway.** (**A**) Invasion assays with PC3-GFP cells were performed using cell-culture inserts (8 *μ*m pore size) coated by a synthetic basement membrane (Matrigel) (left panel) or culture inserts (8 *μ*m pores) coated by a layer of BMEC above a synthetic basement membrane (Matrigel) (right panel). 2 × 10^5^ PC3-GFP cells pre-incubated with 1 *μ*[M]{.smallcaps} simvastatin (SIM) or vehicle (DMSO) for 24 h were added to the top of the inserts and allowed to invade towards AA (10 *μ*[M]{.smallcaps}) for 18 h. Data represent means±s.e.m. of three separate experiments (in triplicate). *\*\*P*⩽0.01 *vs* no SIM towards AA. (**B**) Adhesion assays to BMEC±AA (10 *μ*[M]{.smallcaps}) were undertaken with PC3-GFP cells pre-incubated with 1 *μ*[M]{.smallcaps} SIM or vehicle only for 24 h before the assay. Data represent means±s.e.m. of three separate experiments. *\*P*⩽0.05 *vs* no SIM incubated with AA. (**C**) Migration assays were performed using PC3-GFP±AA (10 *μ*[M]{.smallcaps}). PC3-GFP cells were pre-incubated with 1 *μ*[M]{.smallcaps} SIM or vehicle only for 24 h before the assay. Data represent means±s.e.m. of three separate experiments. \**P*⩽0.05 *vs* vehicle only with AA. (**D**) Lysates of PC3-GFP cells incubated at different times with simvastatin 1 *μ*[M]{.smallcaps} (SIM) (0, 1, 2, 6, 12 and 24 h) were subjected to Rho GTPase assays. Levels of GTP-RhoA and GTP-RhoC were compared with total levels of RhoA and RhoC, respectively. Figure is representative of two separate experiments done in duplicate. \**P*\<0.05, \*\**P*\<0.01 *vs* no SIM. Densitometric values of controls without incubation with SIM (vehicle only) were set at one. (**E**) Lysates of PC3-GFP cells in±AA (10 *μ*[M]{.smallcaps})±pre-incubated with simvastatin 1 *μ*[M]{.smallcaps} (SIM) (24 h) were subjected to Rho GTPase assays. Levels of GTP-RhoA and GTP-RhoC were compared with total levels of RhoA and RhoC, respectively. Figure is representative of two separate experiments done in duplicate. \**P*\<0.05 *vs* no SIM without AA, \*\**P*\<0.01 *vs* no SIM with AA. Densitometric values of controls without incubation with SIM (vehicle only)/AA were set at one. (**F**) P-MLC2^t18/s19^, MLC2, P-Akt and Akt content was analysed by western blotting in lysates of PC3-GFP cells incubated at different times with 1 *μ*[M]{.smallcaps} SIM or vehicle only (DMSO). Figure is representative of two separate experiments done in duplicate. \**P*\<0.05, \*\**P*\<0.01 *vs* no SIM (vehicle only). Densitometric values of controls without incubation with SIM (vehicle only) were set at one. (**G**) P-MLC2^t18/s19^, MLC2, P-Akt^s473^ and Akt content was analysed by western blotting in lysates of PC3-GFP cells±pre-incubated with simvastatin 1 *μ*[M]{.smallcaps} (SIM) (24 h) and incubated over time with AA (10 *μ*[M]{.smallcaps}). Figure is representative of two separate experiments done in duplicate. \**P*⩽0.05 *vs* Ctrl (DMSO) at the same time with AA incubation. Densitometric values of controls (DMSO, without AA) were set at one. (**H**) P-MLC2^t18/s19^, MLC2, P-Akt and Akt content was analysed by western blotting in lysates of DU-145 cells incubated at different times with AA (10 *μ*[M]{.smallcaps}). Levels of P-Akt and P-MLC2 were compared with total levels of Akt and MLC2, respectively. Figure is representative of two separate experiments done in duplicate. \**P*⩽0.05 *vs* Ctrl (DMSO) without AA. Densitometric values of controls were set at one. (**I**) Invasion assays with DU-145 cells were performed using cell-culture inserts (8 *μ*m pore size) coated by a synthetic basement membrane (Matrigel) (left panel) or culture inserts (8 *μ*m pores) coated by a layer of BMEC above a synthetic basement membrane (Matrigel) (right panel). 2 × 10^5^ DU-145 cells were added to the top of the inserts and allowed to invade towards AA (10 *μ*[M]{.smallcaps}) for 18 h. DU-145 cells were pre-incubated with SIM or vehicle only (DMSO) 24 h before the invasion assays. Data represent means±s.e.m. of three separate experiments (in triplicate). \**P*\<0.05 *vs* DMSO towards AA. Cells were counted after staining with either crystal violet or CK immunostaining. (**J**) Adhesion assays to BMEC over 15 min±AA (10 *μ*[M]{.smallcaps}) were undertaken using DU-145 cells. These were pre-incubated with SIM or vehicle only (DMSO) 24 h before the adhesion assays. Data represent means±s.e.m. of three separate experiments. \**P*⩽0.05 *vs* DMSO incubated with AA. (**K**) Migration assays were performed using DU-145±AA (10 *μ*[M]{.smallcaps}). DU-145 cells were pre-incubated with SIM or vehicle only (DMSO) 24 h before the migration assays. Data represent means±s.e.m. of two separate experiments. *\*P*⩽0.05 *vs* DMSO incubated with AA.](bjc201499f5){#fig5}

[^1]: Joint senior authors.
